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We report the presene of spin dimerization in the ground state of the one dimensional Kondo
lattie model at quarter lling. The emergene of this new phase of the Kondo lattie an be
traed to the form of the RKKY interation between the loalized moments and provides the rst
example of dimerization indued indiretly by itinerant eletrons. We propose this dimer ordering
as the driving mehanism of the spin-Peierls phase observed in the quasi-one-dimensional organi
ompounds (Per)2M(mnt)2 (M=Pt, Pd). Moreover, this suggests that a riher phase diagram than
the Doniah paradigm may be needed to aommodate the physis of heavy fermion materials.
PACS numbers: 75.30.Mb, 71.10.Pm, 71.30.+h, 75.10.-b
Our understanding of the physis of heavy fermion ma-
terials has been strongly inuened by the paradigm set
by Doniah [1℄. It proposes that the ground state of
the Kondo lattie model exhibits, as a funtion of the
Kondo oupling onstant, antiferromagneti and param-
agneti phases separated by a quantum ritial point. A
great deal of eort, both experimental and theoretial,
has been devoted to the eluidation of the nature of this
quantum phase transition (for an overview, see [2℄). On
the other hand, the variety of behavior observed in real
materials suggests that the omplete piture is far riher.
We illustrate this rihness by identifying a new phase
of the one-dimensional Kondo lattie model [3℄. Our nu-
merial alulations with the density matrix renormal-
ization group (DMRG) tehnique show that the ground
state of the model has spin dimerization at quarter ll-
ing (n = 1/2). We explain how this previously overlooked
state an be understood in terms of the eetive spin-spin
RKKY [4℄ interation mediated by the ondution ele-
trons. Interestingly, the quasi-one-dimensional organi
ompounds (Per)2M(mnt)2 (M=Pt, Pd) are atual re-
alizations of weakly oupled quarter-lled S = 1
2
Kondo
hains [5, 6, 7, 8℄. We will show, based on our results,
that the itinerant-eletron-indued dimer order we have
found is a viable andidate for the driving mehanism
behind the hitherto unexplained dimerization transition
observed in these systems.
We onsider the one-dimensional S = 1
2
Kondo lattie
Hamiltonian with L sites
H = −
L−1∑
j=1,σ
(
c†j,σcj+1,σ +H.c.
)
+ J
L∑
j=1
Sj · sj (1)
where cjσ annihilates a ondution eletron in site j with
spin projetion σ, Sj is a loalized spin-
1
2
operator and
sj =
1
2
∑
αβ c
†
j,ασαβcj,β is the ondution eletron spin
density operator. J > 0 is the Kondo oupling onstant
between the ondution eletrons and the loal moments.
We have set the hopping amplitude and the lattie spa-
ing to unity to x the energy and length sales. We
treated the model with the DMRG tehnique [9, 10℄ with
open boundary onditions. We used the nite-size algo-
rithm for sizes up to L = 120 keeping up to m = 800
states per blok. The disarded weight was typially
about 10−5 − 10−8 in the nal sweep.
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Figure 1: (a) The dimer order parameter D(j) vs lattie site
for J = 0.5, L = 120 and density n = 0.5. Only half the hain
is shown. (b) D(L/2− 1) vs 1/L for J = 0.5 and n = 0.5.
Dimerization of the loalized spins may be deteted
through the order parameter D (j) = 〈Sj · Sj+1〉. In a
uniform system D(j) is j-independent, whereas it shows
osillations of period 2 in the presene of dimerization.
In Fig. 1 (a) we show D(j) at quarter lling (n = 1/2)
for J = 0.5 and L = 120. There are strong osillations
with amplitude ≈ 0.21 around an average zero value. We
have heked that this is not an artifat of a nite system
or open boundaries. Indeed, in Fig. 1 (b), we show the
value of the order parameter at the enter of the hain
D(j = L/2− 1) as a funtion of 1/L. There is very weak
2size dependene indiating that the value at L = 120
is already very lose to the thermodynami limit. This
robust result is unambiguous evidene for a dimerized
ground state at quarter-lling and it is surprising that
it has gone unnotied in suh a well studied model [3℄.
As far as we know, it is the rst example of dimerization
indued by an indiret spin-spin interation mediated by
itinerant eletrons.
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Figure 2: (a) Modulus of the smoothed Fourier transform
|D(q)| vs momentum for J = 0.5, L = 120 and density n =
0.5. (b) |D(q = pi)| as a funtion of the Kondo oupling J for
L = 120 and n = 0.5.
It is also instrutive to study the Fourier transform
of D(j). In order to minimize boundary eets we
used a smoothed Fourier transform as suggested in Refs.
[11, 12℄. In Fig. 2 (a) we show the smoothed Fourier
transform of D(j) for J = 0.5, n = 0.5 and L = 120.
The only feature is a notieable peak at q = pi reeting
the alternating sign of the order parameter D (j). The
ritial value of J that separates the paramagneti phase
from the ferromagneti one is Jc ∼ 1.7 for n = 0.5 [3℄.
We found that the dimerization ours only inside the
paramagneti phase. In Fig. 2 (b) we show the inten-
sity of the peak of D(q) at q = pi as a funtion of the
Kondo oupling J for L = 120 and n = 0.5. As an be
seen, the dimerization dereases smoothly as we inrease
J and disappears in the ferromagneti phase (within the
auray of the DMRG).
A very small magneti eld is enough to kill the dimer-
ization. We show in Fig. 3 the magnetization density and
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Figure 3: Magnetization density M and modulus of the
smoothed Fourier transform |D(q = pi)| as a funtion of ap-
plied magneti eld h, for L = 40, J = 0.5 and n = 0.5. Inset:
Magnetization density up to higher elds.
the smoothed Fourier transform of the dimer order pa-
rameter as a funtion of magneti eld h for J = 0.5
and n = 0.5 (making gµB = 1 for both loalized spins
and ondution eletrons). Sine nite-size eets are
negligible, the results here are for L = 40. There is a
harateristi eld h∗ ≈ 0.05, whih separates a high
suseptibility region at h . h∗ from a low suseptibil-
ity one at h & h∗ (see inset of Fig. 3). Similar results
were observed for other densities and Kondo ouplings.
As h is inreased up to h∗, the magnetization density
grows linearly up to M ≈ 0.5. This orresponds to the
full polarization of the loalized spins. A further inrease
of h past h∗ ats to slowly polarize the ondution ele-
trons (eventually reahing full saturation at M = 0.75),
whih are now eetively deoupled from the loal mo-
ments. This is onrmed by the value of the slope for
h & h∗, whih is very lose to the spin suseptibility of
the non-interating one-dimensional eletron gas. Thus,
the eld h∗ is the harateristi energy sale of the in-
teration between the spin lattie and the eletron sea.
The numerial values of h∗ and the ratio of high-eld
and low-eld suseptibilities (≈ 0.008) both suggest the
presene of an exponentially small sale, as seen in other
studies [3℄. This sale also governs the suppression of the
dimerization as an be seen in Fig. 3. Sine at h & h∗ the
ondution eletrons eetively deouple from the loal-
ized spins, this is diret evidene that the dimerization is
indued by the interation with the itinerant eletrons.
Dimerization at quarter-lling is perhaps not too sur-
prising if we onsider the RKKY interation between
loalized spins a distane j apart. This is appropriate
if J ≪ 1. Using the usual RKKY formula for a one-
dimensional tight-binding lattie at quarter lling we an
get the rst ten ouplings JRKKY (j) as shown in Fig. 4.
Fousing initially on the rst two neighbors, we see that
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Figure 4: RKKY oupling onstant (in arbitrary units) as a
funtion of the distane between sites.
JRKKY (1) < 0 and JRKKY (2) > 0. It is believed that a
spin hain with rst and seond neighbor interations
J1 and J2 is spontaneously dimerized if J2 > 0 and
−4J2 < J1 < 0 [13℄ and this is satised by the RKKY
ouplings. In fat, even if J1 > 0 dimerization would
ensue provided that J1 . 4.15J2 [14, 15℄.
Another urious aspet of Fig. 1 is the sign alternation
of D(j) with an almost onstant amplitude ∼ 0.21. A
lassial loalized spin onguration of the type ↑↑↓↓↑↑
· · · would give rise to suh an alternation with ampli-
tude 0.25. Interestingly, the further neighbor RKKY
ouplings of Fig. 4 favor this lassial state (note that
JRKKY (j) ≈ 0 for odd j ≥ 3). Of ourse, we do not
expet this long-range lassial order to survive in the
singlet ground state, but the fat that |D(j)| ∼ 0.25 sug-
gests that it may have a very long orrelation length.
We have also alulated dimer orrelations away from
n = 0.5. We observed that D(j) no longer osillates sym-
metrially around zero. The average atually goes from
positive (ferromagneti) for n < 0.5 to negative (anti-
ferromagneti) for n > 0.5. This is onsistent with the
general trend of the RKKY interation whih is predomi-
nantly ferromagneti at low llings. However, in ontrast
to the quarter-lled ase, away from n = 0.5 D(j) has
more than one harateristi wave vetor. This is shown
in Fig. 5 for the densities n = 0.4 and n = 0.6 (L = 120
and J = 0.35). They have 4kF = 2pin (mod 2pi) as the
dominant peak. There are also sub-dominant peaks at
2ksmallF = pin or 2k
large
F = pi(1− n), whih are the Fermi
sea sizes without and with the loalized moments in-
luded in the ount, respetively [16, 17, 18℄. However, no
lear trend an be diserned. Quantum utuations will
destroy inommensurate order in one dimension. How-
ever, the system may lok onto partiular ommensurate
strutures within nite intervals of n. Suh long om-
mensurate periods have been disussed in related Kondo
lattie models [19℄ used to desribe the pnitide CeSb [20℄
and in the ontext of doped Mott insulators [21℄.
The organi ompounds (Per)2M(mnt)2, where M=Pt
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Figure 5: Modulus of the smoothed Fourier transform D(q)
away from quarter lling (L = 120 and J = 0.35).
or Pd, Per is perylene and mnt is maleoni-
triledithiolate, are realizations of quarter-lled quasi-one-
dimensional Kondo latties [5, 7, 8℄. The loalized spins
reside in the M(mnt)2 units and the ondution eletrons
are provided by the perylene groups. These ompounds
show metal insulator transitions at TMIT (Pt) = 7 K
and TMIT (Pd) = 28 K, aompanied by one-dimensional
lattie instabilities whih indiate the formation of a
Peierls-type dimerization. Initial studies [6℄ had diul-
ties reoniling the behavior of these systems with on-
ventional eletron-phonon (Peierls) or spin-phonon (spin-
Peierls) instabilities and the exat nature of these transi-
tions has remained a mystery. On the other hand, there
were speulations on the role played by the RKKY in-
teration [7℄. Several unertainties remained, however,
sine spin-density wave (SDW) ordering was not observed
and the Fermi wave vetor of the ondution eletrons
(2kF = pi/2) does not math the period of the dimeriza-
tion.
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Figure 6: Charge gap vs 1/L for various llings. The notation
is the same as in ref. [12℄. The auray is given by the size
of the symbols.
Our results suggest a possible way out of this quandary.
4Indeed, the one-dimensional nature of the system sup-
presses the appearane of a onventional SDW and favors
a dimerized state instead. Furthermore, the Fermi wave
vetor, as explained in onnetion with Fig. 4, is atu-
ally ruial for providing the orret spatial dependene
of the RKKY interations that lead to the dimer order.
An estimate of the nite transition temperature (absent
in the stritly one-dimensional model) ould be obtained
from the divergene of the dimer suseptibility as T → 0,
along the lines explained in Refs. [22, 23℄. Our results
on the ground state, however, suggest the presene of
a (probably exponentially) small energy sale of a size
ompatible with the transition temperatures (Fig. 3). It
is therefore tempting to use this sale as an estimate of
TMIT . Moreover, the diret measurement of the mag-
neti eld needed to destroy the dimer order at T = 0
showed it to be of the order of kBTMIT /µB [8℄, lending
further support to this identiation.
Finally, in Fig. 6 we plot the nite size harge gap for
several densities (in the setor of total spin zero) as a
funtion of 1/L. It is lear that the quarter-lled ase
has a harge gap, unlike other llings (see Ref. [12℄ for
a similar ase). A mehanism for the opening of this
gap an be obtained by bosonization. By analogy with
the RKKY interation, if we integrate out the loalized
spins an eetive interation between ondution ele-
tron spins at sites i and j is generated, whih is pro-
portional to 〈Si · Sj〉 . The strong dimer orrelations of
Fig. 1 lead to a term ∝ δi,j+1 (−1)j . This gives rise
to a staggered nearest neighbor interation between on-
dution eletron spins (−1)j sj · sj+1. Bosonizing this at
quarter-lling leads to a cos
(√
8Kρφρ
)
term, where we
follow the notation of Ref. [24℄. If Kρ < 1 this term is
relevant and opens a gap in the harge setor in lose
analogy to the umklapp term in the half-lled Hubbard
model [24℄. This is a very mild ondition and is likely to
be fullled. Indeed, numerial estimates of Kρ at other
llings indiate that Kρ < 1 [17℄. Thus, we propose
this RKKY-indued dimerization as the driving meha-
nism behind the metal-insulator transitions observed in
(Per)2M(mnt)2. Note that a similar term is generated
in the spin setor cos
(√
8Kσφσ
)
. However, Kσ = 1 due
to SU(2) symmetry and this is a marginal term. Its rel-
evane and the aompanying spin gap depends on the
sign of the oupling onstant. We have found no evidene
of a spin gap at this lling.
In onlusion, we have found that the Kondo lattie
model in one dimension has a novel type of dimeriza-
tion at quarter ondution eletron lling. It an be un-
derstood from the struture of the RKKY interation
between loalized moments. Furthermore, it provides
a simple mehanism for the metal-insulator transition
of some quasi-one-dimensional organi ompounds. Al-
though onned to one dimension, we believe our results
may have impliations for the phase diagram of three-
dimensional heavy fermion materials.
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